Francisella tularensis is a highly virulent, facultative intracellular pathogen that causes tularemia in humans and animals. Although it is one of the most infectious bacterial pathogens, little is known about its virulence mechanisms. In this study, the response of F. tularensis live vaccine strain to iron depletion, which simulates the environment within the host, was investigated. In order to detect alterations in protein synthesis, metabolic labeling, followed by 2D-PAGE analysis was used. Globally, 141 protein spots were detected whose levels were significantly altered in the iron-restricted medium. About 65% of the spots were successfully identified using mass spectrometric approaches. Importantly, among the proteins produced at an increased level during iron-limited growth, three proteins were found encoded by the igl operon, located in the F. tularensis pathogenicity island I (FPI). Of these, the IglC and IglA proteins were previously reported to be necessary for full virulence of F. tularensis. These results, obtained at the proteome level, support and confirm recently published data showing that the igl operon genes are transcribed in response to iron limitation.
Introduction
Iron is an essential growth factor for both prokaryotic and eukaryotic cells. It acts as a cofactor or as a prosthetic component of proteins with various biological functions. Within prokaryotic organisms, there are only a few known examples of bacteria that do not seem to require iron for their growth, e.g. Borrelia burgdorferi (Posey & Gherardini, 2000) and Lactobacillus sp. (Imbert & Blondeau, 1998) . It is well known that ferrous iron is oxidized to its highly insoluble ferric state under aerobic conditions and neutral pH. Moreover, free iron catalyzes the production of reactive oxygen species (ROS) and hence it can be extremely toxic for living cells. To overcome these issues, sophisticated systems for iron acquisition and its storage have been developed (Andrews et al., 2003; Hentze et al., 2004) . Importantly, iron also plays a very specific role in the host-pathogen relationship (Schaible & Kaufmann, 2004) . Using high affinity ironbinding proteins, the host reduces the concentration of free extracellular iron to 10 À18 M and thereby makes the environment extremely hostile for pathogens. In addition, the mammalian hosts use iron for production of microbicidal ROS through the Fenton reaction. These iron-associated antimicrobial mechanisms are considered to be integral components of the innate immunity. On the other hand, many pathogenic bacteria are capable of overcoming these conditions through direct acquisition of iron from the host's iron-binding proteins or haem. Furthermore, a low level of iron in the environment may act as a signal for the pathogen, resulting in the expression of virulence genes (Litwin & Calderwood, 1993) . Some known virulence factors are controlled directly by the ferric uptake regulator (Fur). The Fur protein forms a complex with the ferrous ion and acts as a repressor of transcription by binding to a DNA sequence (i.e. the Fur box) located upstream from the iron-regulated gene. In Gram-negative bacteria, Fur regulates the transcription of genes involved in iron transport and virulence, but also in detoxification of ROS, acid tolerance, and various metabolic pathways (Andrews et al., 2003) . Francisella tularensis is a facultative intracellular pathogen capable of multiplying in professional phagocytes as well as in other target cells like hepatocytes and endothelial cells (Ellis et al., 2002) . Based on its high infectivity and possibility of aerosol dissemination, F. tularensis is classified as a Category A biological agent as published by CDC, Atlanta (Dennis et al., 2001) . However, to date, little is known about the molecular mechanisms of F. tularensis pathogenicity. Furthermore, contradictory results regarding the niche in which the bacteria survive and proliferate inside host cells have appeared in the literature. Studies performed by Fortier et al. suggested that F. tularensis replicates in an acidic vacuolar compartment (Fortier et al., 1995) . The authors concluded that localization in an acidic vacuole, which facilitates the accessibility of iron, is essential for F. tularensis growth. However, more recent studies have reported a rapid escape from the phagosome, which was found to be only mildly acidic, followed by cytosolic multiplication of the bacteria (Golovliov et al., 2003b; Clemens et al., 2004) . This escape and proliferation of the bacteria is dependent on the induction of a 23 kDa protein, denoted IglC (Lindgren et al., 2004) . The gene encoding the IglC protein is a member of an operon with four ORFs (iglABCD) that is located in a Francisella pathogenicity island (FPI) . It has been shown that a transposon insertion into either the iglA or iglC gene profoundly affects intramacrophage F. tularensis growth (Gray et al., 2002) . The importance of the IglC protein for full virulence of F. tularensis was supported by several other studies (Golovliov et al., 2003a; Lauriano et al., 2003) . Furthermore, two regulatory proteins, MglA and MglB, are required for intracellular proliferation of Francisella novicida (Baron & Nano, 1998) . The MglA protein positively regulates the expression of the igl as well as the pdpA and pdpB genes. The pdpA and pdpB are also located in the FPI and are essential for virulence (Lauriano et al., 2004) .
Although several genes potentially associated with iron metabolism were identified in the Francisella genome, the particular mechanism of iron acquisition remained enigmatic until recently. Very recent work described the production of a siderophore in different F. tularensis subspecies grown under iron-limited conditions (Sullivan et al., 2006) , and a potential siderophore biosynthetic gene cluster was identified (Sullivan et al., 2006) . Moreover, a transcriptomic analysis revealed several genes whose expression was altered in iron-starved F. tularensis LVS, and of these, the increased production of two known virulence factors (IglC and PdpB), was also demonstrated at the protein level (Deng et al., 2006) .
In this study, the effect of iron limitation directly on protein patterns of F. tularensis LVS has been investigated. Using a combination of 2D-PAGE and MS, 56 different proteins were identified whose levels were strongly affected by iron depletion. Importantly, the levels of the IglA, IglB, and IglC proteins were increased, thus demonstrating responsiveness of the igl operon to an iron-limited environment. The data support the information recently obtained at the mRNA level (Deng et al., 2006) .
Materials and methods
Apparatus, materials, and bacterial strain IEF was performed using Multiphor II, a Multitemp II thermostatic circulator, a Dry-Strip kit, pH gradients 4-7 and 6-11, Immobiline DryStrips 18 cm long, and IPG buffers (pH 4-7 and 6-11) from Amersham Biosciences (Uppsala, Sweden). The apparatus for casting (Protean II xi Multi-gel Casting Chamber), running (Protean II xi 2-D Multi-cell), and drying the gels (Model 583 Gel Dryer with Hydrotech Vacuum pump) were purchased from Bio-Rad (Hercules, CA). Francisella tularensis LVS (ATCC 29684) was purchased from American Type Culture Collection (Rockville, MD).
Bacteria cultivation, radioactive labeling, and sample preparation Francisella tularensis was grown in iron-rich chemically defined medium prepared according to Chamberlain (1965) , containing 0.0002% of ferrous sulfate heptahydrate (ICN Biomedicals, Aurora, OH). For iron-limitation experiments, F. tularensis was grown in an identical defined medium, but without the addition of inorganic iron and additionally supplemented with 100 mM deferoxamine mesylate (Sigma, St Louis, MO).
Francisella tularensis LVS was inoculated from a deepfrozen prestock onto McLeod agar plates supplemented with bovine haemoglobin and IsoVitaleX (Becton Dickinson, Cockeysville, MD) and grown at 37 1C for 48 h. This stock culture was stored at 4 1C up to four weeks. Before each experiment, the stock culture was inoculated into iron-rich medium and grown overnight with mild shaking at 37 1C. The next day, control and iron-depleted cultures (1 mL, OD 600 nm 0.05-0.06) were prepared by diluting the overnight culture with iron-rich and iron-limited media, respectively. After 5 h of incubation, bacteria cultures were harvested, washed, and the media were changed to iron-rich or iron-depleted media without methionine. S-Label MP Biomedicals, Irvine, CA). After 60 min, the labeling in both cultures was stopped by addition of 1 mL ice-cold complete medium.
The hydrogen peroxide-treated culture was prepared according to the protocol described previously (Lenco et al., 2005) . Briefly, the exponentially growing cells (OD 600 nm 0.55) were harvested, the medium was changed to medium without methionine, and hydrogen peroxide was added to a final concentration of 5 mM. Radioactive labeling was then performed as described above.
After labeling, the bacteria were harvested and washed five times with ice-cold PBS. The pellets were resuspended properly in 20 mL of lysis buffer composed of 28 mM TrisHCl, 22 mM Tris-Base, 0.3% sodium dodecylsulfate (SDS), and protease inhibitors (Complete Mini, Protease Inhibitor Cocktail Tablets, Roche, Mannheim, Germany). The tubes were immersed in boiling water for 3 min and immediately cooled on ice. After treatment with benzonase, the radioactivity was determined using a Beckman LS 6000LL Liquid Scintillation System (Fullerton, CA). The lysates were diluted in sample buffer consisting of 9 M urea, 4% CHAPS, 40 mM Tris-Base, 1.2% v/v DeStreak (Olsson et al., 2002) , 5% v/v Ampholytes, pH 9-11.
2-DE and autoradiography
A protein sample containing 5 Â 10 6 dpm was diluted to a total volume of 350 mL with rehydration buffer (6 M urea, 2 M thiourea, 4% CHAPS, 40 mM Tris-Base, 1.2% v/v DeStreak (Olsson et al., 2002) , 0.003% w/v bromophenol blue, and 1% v/v IPG buffer, pH 4-7 or 2% v/v IPG buffer 6-11). Two gels of different pH ranges were prepared for each sample. The protein mixture was loaded on 18 cm IPG strips with pH gradient 4-7 and 6-11, and then in-gel rehydration was performed overnight. In the second dimension, an SDSpolyacrylamide gel electrophoresis (PAGE) gradient 9-16% was cast, the resolved IPG strip was placed on top, and electrophoresis was performed. The final dimension of the resolved 2-DE gel was 18 Â 20 cm. The gels were fixed with 10% methanol in 7% acetic acid, intensified with the 2,5-diphenyloxazole in dimethyl sulfoxide, dried out, and exposed to RayMax Beta films (MP Biomedicals, Irvine, CA) for 5 days at À 80 1C.
Image acquisition and software analysis
In this study, three individual experiments were performed. Each experiment consisted of one control sample (prepared from bacteria grown in iron-rich medium) and one stressed sample (prepared from bacteria grown in iron-limited medium). Each sample was resolved on a gel with pH range 4-7 and a gel with pH range 6-11. Film images were digitalized using a CCD camera Image station 2000R (Eastman Kodak, Rochester, NY). The gels were subjected to image analysis using the PDQUEST 7.2.0. software (Bio-Rad, Hercules, CA). For each pH range, one matchset consisting of six films with well-focused spots was created (three for stressed and three for control samples). With respect to the dynamic range of autoradiographic films, the OD of spots was quantified. The values were normalized based on total quantity in valid protein spots presented on the gel, and expressed as p.p.m. In order to detect alterations in protein synthesis, a quantitative criterion was set up (at least twofold change including qualitative changes, Student's t-test with confidence level o 0.01).
In-gel digestion
For the micropreparative 2-DE gels, 500 mg of protein was loaded on an 18 cm IPG strip, pH gradients 4-7 and pH 6-11. Protein concentration was determined by a modified bicinchoninic acid assay (Brown et al., 1989) . Spots of interest were excised from gels stained with the Colloidal Blue Stain Kit (Invitrogen, San Diego, CA) and then destained with 200 mL of 100 mM Tris/HCl, pH 8.5, in 50% acetonitrile for 20 min at 30 1C. The liquid was removed, and the gel pieces were covered with 200 mL of equilibration buffer (50 mM NH 4 HCO 3 , pH 7.8 in 5% acetonitrile) for 30 min at 30 1C. The gel pieces were vacuum dried and then swollen at 4 1C in a mixture consisting of 0.1 mg of sequencing grade trypsin in 0.5 mL of 50 mM acetic acid (Promega, Madison, WI) and 4.5 mL of equilibration buffer. After 20 min, an additional 25 mL of equilibration buffer was added. The tubes with the gel pieces were placed in a thermomixer (Eppendorf, Hamburg, Germany) and shaken overnight at 37 1C.
Protein identification
The mass spectra were recorded in the positive reflectron mode on a MALDI-TOF mass spectrometer Voyager-DE STR (Applied Biosystems, Framingham, MA). For each protein, 0.5 mL of the peptide mixture was spotted onto the target plate, air-dried, and covered with 0.5 mL of matrix solution consisting of 5 mg of 2,5-dihydroxybenzoic acid in 100 mL of 33% acetonitrile in 0.3% trifluoracetic acid. The instrument was calibrated externally with a five-point calibration using Peptide Calibration Mix1 (LaserBio Labs, Sophia-Antipolis Cedex, France). Additionally, spectra containing autolytic tryptic peptide masses were also calibrated internally. Proteins were identified by peptide mass fingerprinting using the MS-FIT tool of the PROTEINPROSPECTOR 4.0.5. program (University of California, San Francisco MS Facility). The peptide masses obtained were searched against the F. tularensis Schu4 database. The following parameters were used for protein identification: 100 p.p.m. error, fixed carbamidomethylation of cystein residues, optional oxidation of methionine, optional formation of pyroglutamate at N-terminal Gln, optional protein N-terminus acetylation, and 1 possible missed cleavage site. Results were evaluated according to the MOWSE score, MALDI coverage, number of matched masses, and error range of matched masses. For nanoESI-MS/MS, the extracts were concentrated in a vacuum centrifuge and diluted in buffer A (2% acetonitrile, 98% water, and 0.1% formic acid). The samples were injected into the CapLC system (Waters, Manchester, UK) and preconcentrated on m-Precolumn TM 300 mm Â 5 mm filled with PepMap TM C18, 5 mm, 100 Å (LC-Packings, Sunnyvale, CA). The peptides were eluted from the analytical column NanoEase TM 75 mm Â 150 mm filled with Atlantis TM dC18, 3 mm (Waters), by a gradient formed by buffer A and buffer B (98% acetonitrile, 2% water, and 0.1% formic acid) over 20 min at a flow rate 300 nL min À1 . The LC system was connected to a Q-TOF Ultima TM API (Waters). Data-directed acquisition was recorded for each protein. PLGS 2.0. software was used for data processing and searching against the F. tularensis SCHU4 database. The identified sequences were also subjected to COGNITOR program analysis, which assigns a functional category, the so-called clusters of orthologous groups (COG), to each protein (Tatusov et al., 2001) .
Western blot analysis
2-DE gels with pH gradients 4-7 and pH 6-11 for both the control and the stressed samples were electroblotted onto a PVDF membrane and probed with a mouse monoclonal antibody directed against IglC protein (Moravian Biotechnology, Brno, Czech Republic). Peroxidase-conjugated goat antimouse immunoglobulin (Dako, Copenhagen, Denmark) was used as a secondary antibody. Reactive spots were visualized using CL-XPosure films (Pierce, Rockford, IL).
Results and discussion

Bacterial growth
In order to induce alterations in the F. tularensis LVS proteome, the bacteria were cultivated in chemically defined medium (Chamberlain, 1965) without the addition of inorganic iron and supplemented with the chelating agent deferoxamine mesylate at a final concentration of 100 mM. In contrast to recently published work (Deng et al., 2006) , it was observed that prestarvation of the bacteria for iron was not necessary to achieve iron-limited growth. The growth of both the control and the iron-limited culture was identical for c. 3 h (Fig. 1) . At this time, the bacteria in the irondeficient medium started to slow down their growth. This phenomenon has previously been observed in Helicobacter pylori and Neisseria gonorrhoeae (Ducey et al., 2005) , and is in accordance with the idea that in an iron-restricted environment, the bacteria can utilize the intracellular iron stores for a certain time (Andrews et al., 2003) . This intracellular iron pool should not be affected by the deferoxamine treatment, due to the hydrophilic nature of the chelator that prevents its diffusion into the bacterial cells. Based on the results obtained, it can be speculated that the cells are able to grow until the intracellular iron pool is exhausted.
Labeling and 2-DE analysis
In order to visualize only those proteins synthesized in an exact time interval, metabolic labeling was used in this study. In all experiments, labeling was performed in the time interval from 300 to 360 min. In this time interval, the bacteria in the iron-deficient medium were still growing, but their proliferation rate was significantly reduced compared with that of the control bacteria. Combining autoradiography with the use of IPG strips with two different pH intervals, enabled us to detect proteins within the pH range of 4 to 11 with high resolution and high sensitivity (Fig. 2) . Using the PDQUEST 7.2.0 software, this resulted in the detection of about 600 and 360 distinct spots on gels with pH gradient 4-7 and pH gradient 6-11, respectively. According to the criteria selected for detection of spots with altered quantity, 52 spots were found to be increased in production and 89 decreased in production in bacteria grown under iron-limiting conditions.
MS
Specific proteins were identified using a peptide mass fingerprinting approach. In the case of an unsuccessful identification, LC-MS/MS analysis was performed. This was done for about 50 proteins. In order to eliminate false matching of spots on films with spots on a micropreparative gel, all spots were identified at least twice from different micropreparative gels. Protein spots that were unambiguously identified are listed in Table 1 , and their standard spot numbers (SSP) are shown on the images of 2-DE gels ( Fig. 2) . Unfortunately, several spots remained either unidentified or their identity could not be confirmed repeatedly.
Proteins with increased production in response to iron restriction
Among the proteins with increased production under iron limitation, it was found that different IglC protein variants exhibited the most conspicuous increase. The increase in production of the IglC protein was confirmed by Western blot analysis. This clearly documented a strong induction of several IglC charge variants after bacterial cultivation under iron-restricted conditions (Fig. 3) intracellular growth of F. tularensis in murine macrophages (Golovliov et al., 1997) . So far, various studies have established that IglC is necessary for the ability of F. tularensis to survive in phagocytes (Golovliov et al., 2003a) , to escape from the phagosome (Lindgren et al., 2004) and for the induction of apoptosis in host cells (Lai et al., 2004) . Recently, it has been reported that IglC is involved in down-regulation of the host proinflammatory response after internalization of the bacteria (Telepnev et al., 2005) . The gene encoding the IglC protein is located in the possible igl operon, which is comprised of four genes. The operon is located in the duplicated FPI . It has been demonstrated that iglA, and the genes regulating expression of the igl operon, mglA, and mglB, are also required for full virulence (Baron & Nano, 1998; Gray et al., 2002; Santic et al., 2005) . In addition to the up-regulation of the IglC protein, increased production of the IglA and IglB proteins was observed in response to iron restriction. Unfortunately, the product of the iglD gene could not be detected on the 2-DE gels. Therefore, it could not be determined whether iron restriction has an effect on its production. The genes in the igl operon seem to be transcribed as a polycistronic mRNA, because the expression of all genes was abolished in a mglAB mutant strain (Lauriano et al., 2004) . Thus, it would be anticipated that the level of all four proteins, IglA, IglB, IglC, and IglD, is influenced by iron. Indeed, this expectation was confirmed on the mRNA level by Deng et al. (2006) . Moreover, the authors found putative Fur boxes upstream of iglA and iglC in the F. tularensis Schu4 genome, suggesting direct regulation of their expression by the iron level inside the cells. Strong induction of IglC in F. tularensis LVS has also been documented upon hydrogen peroxide stress (Golovliov et al., 1997) . Recently, F. tularensis ssp. tularensis has been shown to respond similarly to this stressor (Twine et al., 2006) . However, these authors only found one of several spots for the IglC protein to be increased. In a previous study, an increase in the synthesis of the IglC protein in response to hydrogen peroxide stress could not clearly be demonstrated (Lenco et al., 2005) . Therefore, in the present study, it was attempted to repeat this experiment using an IPG strip with a pH gradient of 4-7. As mentioned above, in an iron-restricted culture, a strong induction of the production of several IglC forms was detected on the gel (Fig. 4) . In contrast, on the gel prepared from hydrogen peroxidetreated bacteria, none of the spots representing the IglC protein were found to be more intense in comparison with the control sample. Thus, the effect of hydrogen peroxide on the production of the IglC protein still remains uncertain despite an improved resolution of the 2D-PAGE gels used in this study.
Besides products of the igl operon, the level of one additional protein located in the FPI, hypothetical protein 1707, was influenced by iron depletion. Two charge variants of this protein were found in increased levels under the irondepleted conditions. The function of the protein is unknown. It exhibits sequence similarity to the hypothetical protein PFB0765w of Plasmodium falciparum (BLAST E-value 7e-05). The results show a significant increase in the synthesis of two ClpB variants after iron deprivation. A transposon mutant of F. tularensis ssp. novicida with a disrupted clpB gene has been shown to exhibit poor intramacrophage growth (Gray et al., 2002) . ClpB has also been described to participate in the pathogenicity of Listeria monocytogenes, and this effect was apparently not due to the defect in general stress resistance (Chastanet et al., 2004) .
Only two proteins with a role in iron acquisition and storage were found in the set of proteins affected by iron depletion. The induction of hypothetical protein 1441, a homologue of bacterioferritin (BLAST E-value 1e-42), was not clearly demonstrated, because only two spots with low intensity had increased levels, while the others, approximately fivefold more intense spots, remained unchanged. No changes in the quantity of bacterioferitin have been reported at the mRNA level (Deng et al., 2006) . The primary function of bacterioferritin is to accumulate and store iron that can be used later during growth in an iron-restricted environment. Thus, rather than an increased production, bacterioferritin was expected to be produced at a lower level, as documented in other bacteria. Lee et al. observed decreased synthesis of ferritin in H. pylori in iron-deprived medium and showed that its synthesis increased when the medium was supplemented with excess FeCl 2 . Likewise, the gene encoding bacterioferritin in Pseudomonas aeruginosa displayed an increased expression in an iron-starved culture subsequently treated with an excess of FeCl 3 (Palma et al., 2003) . A 3.19-fold up-regulation was detected of an isochorismatase hydrolase family protein, which possibly performs its function in the beginning of the metabolic pathway leading to the synthesis of siderophores. Thus, an increase in siderophore production may be suggested. Siderophore production by F. tularensis has recently been demonstrated by two independent analyses (Deng et al., 2006; Sullivan et al., 2006) ; however, no homologue of the TonB component (using BLAST search) of a transport system for iron-siderophore complexes (Moeck & Coulton, 1998) has been found in the F. tularensis genome.
Overproduction of proteins involved in detoxification of ROS was also revealed in this analysis. We detected strong induction of three charge variants of an AhpC/TSA family protein. The recently reported DNA microarray analysis also revealed a slight increase in its mRNA levels under iron deprivation (Deng et al., 2006) . The function of AhpC/TSA proteins is to reduce substrates originating under oxidative stress. This protein was recently found to be up-regulated in response to peroxide stress in F. tularensis LVS (Lenco et al., 2005) . In addition, after decreasing the quantitative criterion for detection of altered spots from twofold to 1.7-fold, the induction of two peroxidase/katalase (YP_169735) variants was observed. These findings are also supported by data from the DNA microarray analysis (Deng et al., 2006) . However, similar studies in H. pylori and Pseudomonas putida KT2440 reported down-regulation of proteins involved in radical detoxification (Heim et al., 2003; Lee et al., 2004) . Another enzyme produced at a higher level was lactoylglutathione lyase, which plays a role in detoxification by catalyzing the conversion of cytotoxic methylglyoxal to S-lactoylglutathione.
Some proteins that function as molecular chaperones and proteins involved in protein turnover, including the ClpB protein, were positively affected by iron depletion. Increased levels of four GroES protein variants were observed but induction of its partner GroEL (YP_170601) was not detected. However, it is believed that the PDQUEST program failed to quantify the GroEL spots accurately due to their saturation. Moreover, an induction of GroEL was evident on visual inspection of the 2 DE gels. When the quantitative criterion was set to 1.7-fold change, an increased level of two chaperone, Hsp90 (YP_169404) spots was detected. An increased synthesis of the single-strand binding protein, which may be involved in DNA repair, was also noted. Increased synthesis of this protein is observed typically under heat shock and oxidative stress. The findings in this study suggest the existence of protein unfolding and damage during the growth of F. tularensis LVS in iron-depleted medium. The degradation or damage may simply be associated with growth in the stationary phase and not characteristic for the response to iron-restriction. An increase in the expression of the genes encoding GroEL, GroES, or for DnaK, all of which have been observed previously to be down-regulated during under iron-starvation conditions (Deng et al., 2006) , was not detected. We have no direct explanation for this discrepancy can be given, but it could possibly be a result of the different protocols (precultivation, media, and bacterial density) used in the two studies. Furthermore, it is well known that there is a rather poor correlation between transcriptome and proteome data even when studies are performed under the same conditions (Gygi et al., 1999) .
An increased synthesis of enzymes involved in lipid metabolism and a rhodanese-like family protein, involved in sulfur transfer, was also observed. The importance and possible function of these proteins for growth under iron limitation remain unclear at this stage.
Proteins with decreased production in response to iron restriction As iron is an essential factor of enzymes of metabolic pathways, the iron-starved cells are not able to produce enough energy and important substrates for protein synthesis. This may result in a slower proliferation rate of F. tularensis in the iron-restricted medium, as observed during these studies. Not surprisingly, the functional group of proteins (according to the COG algorithm) with the highest number of down-regulated proteins is category J: translation, ribosomal structure, and biogenesis. Similar results were observed in the transcriptomic study (Deng et al., 2006) . Decreased levels of amino acid-tRNA synthetases for Cys, Asp, Lys, and Thr were detected. Conversely, ironstarvation induced up-regulation of tyrosyl-tRNA synthetase in H. pylori . In addition, the downregulation of two proteins involved in transcription, COG category K, and the down-regulation of a further three proteins belonging to the COG category C, energy production and conversion, were detected. A chitinase protein, assigned to category G (carbohydrate transport and metabolism), was also found to be down-regulated. Recently, F. novicida has been shown to secrete chitinase through type-IV pili (Hager et al., 2006) . The levels of four proteins involved in envelope biogenesis and outer membrane formation, COG category M, were also affected. Of these, three were produced at decreased levels, and one was produced at higher levels under iron deprivation. These data indicate that the bacteria may undergo a transformation of the surface structures under iron-restricted conditions. However, this transformation could also be associated with growth in the stationary phase.
Concluding remarks
It has been shown that F. tularensis LVS increases the production of proteins encoded by the igl operon during growth in an iron-restricted medium. Two proteins encoded by this operon, IglA and IglC proteins, have previously been demonstrated to be essential for intramacrophage growth of different F. tularensis strains. The findings raise the hypothesis that iron limitation, a condition encountered by the bacteria in the host, may be a signal to increase the synthesis of virulence factors that may facilitate survival in the hostile host environment.
